Abstract Sediments may be a repository of contaminants in freshwater ecosystems. One way to assess the quality of this compartment, in terms of potentially bioavailable metals, is by the analysis of acid-volatile sulfide (AVS) and simultaneously extracted metals (SEM). In order to investigate the bioavailability, toxicity, and compartmentalization of different metals (Cd, Cr, Cu, Ni, Pb, Zn), sampling of surface sediments was performed at nine stations along the Paiva Castro reservoir (São Paulo, Brazil). The metals were analyzed using atomic absorption spectroscopy. Sediment organic matter (OM), organic carbon (OC), and grain size were also measured. The parameters pH, E H , temperature, and dissolved oxygen were determined at the sediment-water interface. Chronic and acute toxicological tests were performed with sediments from the area where water was extracted for the public water supply. (1) a riverine zone, potentially threatened by contamination with Cd; (2) an intermediate zone; (3) a limnic area; and (4) the area where water was taken for the public water supply.
Introduction
Although the analysis of metal concentrations in sediments is important, this alone is unable to provide an accurate prediction of the existence of environmental impacts in a given region (Prica et al. 2010) . It is important to examine the bioavailability of potential contaminants, because high concentrations of metals in sediments do not necessarily result in immediate damage to biota.
One way to assess the bioavailability of metals is by a technique first described by Di Toro et al. (1990) and now widely used: the acid-volatile sulfide (AVS) and simultaneously extracted metals (SEM) procedure. The technique is based on equilibrium partitioning theory (EqP), which predicts that in sediments where there is an excess of AVS, relative to the molar sum concentration of SEM, there will not be any release of the contaminants into the pore water (Garcia et al. 2011) . This is because metals form weakly soluble sulfide compounds, which therefore mitigates the toxic effects on the benthic community (USEPA 2005; Campana et al. 2009; Simpson et al. 2012; Younis et al. 2014) . On the other hand, when the relationship is reversed, metals may be bioavailable and toxicity to biota is likely to occur.
The AVS fraction is considered one of the most important metal binding phases in the sediments of anoxic environments (Di Toro et al. 1990; Yin and Fan 2011) , controlling metal speciation, bioavailability, and toxicity. Sulfides are formed in anaerobic environments by sulfate reduction by bacteria in the presence of organic substances. In the sediments of aquatic ecosystems, most sulfides are complexed to Fe (De Jonge et al. 2009 ). When a divalent metal (M 2+ ) enters the aquatic environment, it causes the dissolution of iron sulfide (FeS) and then becomes associated with the sulfur, forming a slightly soluble metal complex according to the reaction: M 2+ + FeS (s) → MS (s) + Fe 2+ . The SEM method generally includes only five divalent metals: cadmium, copper, lead, nickel, and zinc Prica et al. 2008) . However, silver, chromium, and mercury are also often included in environmental studies (Silvério et al. 2005; Araújo et al. 2006a; Nizoli and Luiz-Silva 2012; Velimirović et al. 2011) . These elements are considered the main metals responsible for sediment toxicity (USEPA). Chromium, in particular, does not form complexes with metal sulfides, but its toxicity is reduced by the presence of AVS; under such conditions, Cr(IV), which is highly toxic, is reduced to Cr(III), a less stable form (USEPA 2005) .
Equilibrium partitioning theory has been used to develop sediment quality guidelines (SQGs) able to infer the bioavailability of metals. According to the SQGs, molar ratios between simultaneously extracted metals (SEM) and acid-volatile sulfide (AVS) can indicate states where toxicity is unlikely, uncertain, or likely to occur. In order to normalize these models, the use of the organic matter, an important metal binding phase, can also be applied (USEPA 2005) .
There are also SQGs that are based empirically on the concentrations of individual chemical contaminants and their observed biological effects (Mozeto et al. 2006) , such as the SQGs model PEL (probable effect level) and TEL (threshold effect level). In this model, for each contaminant, there is a range of values, whereby above a certain concentration (PEL), a toxic effect is likely to occur, while effects are unlikely at concentrations below the TEL, a value also known as interim sediment quality guideline (ISQG) . At values between the TEL/ISQG and the PEL, effects can possibly occur (CCME 1999).
Both models (SEM/AVS and ISQG/PEL) have been validated in the field and in the laboratory (Yin and Fan 2011) and are widely used in assessing the quality of sediments (Hübner et al. 2009 ). They provide important tools to evaluate contamination levels and contaminant bioavailability. However, the use of these models alone can be questioned, because although bioavailability may be identified, it might not necessarily lead to toxicity (Lee et al. 2000) . Ecological and physiological differences modify the extent to which organisms are exposed to metals (Lee et al. 2000) , so either the presence or absence of toxic effects could be observed. Thus, though not essential, toxicity tests are recommended to complement the application of SQGs (Pompêo et al. 2013) .
In addition to the bioavailable metal analysis in an aquatic ecosystem, it is also important to assess the spatial distribution for these contaminants in order to define the worst affected areas. This information is important to better understand the ecosystem dynamics and functioning as well as to help establish water resources monitoring and management programs. This is important because different degrees of contamination can lead to different ways of operating and treating the system. Studies of contaminants spatial distribution in aquatic ecosystems also help define priority areas to implement control measures.
This study examines the bioavailability and toxicity of metals in sediments of Paiva Castro reservoir, a reservoir used for public water supply. Despite the importance of the region, with the exception of few scientific researches, there is little scientific information available regarding this reservoir, particularly for sediments. It is a known fact that the area is contaminated by metals, particularly copper, as demonstrated by Cardoso- and Beghelli et al. (2016 accepted for publication) . The first authors found copper levels exceeding the background up to fourfold (97.0 mg/kg). Despite these data, there is no information to confirm if metals are being released into the water column, becoming bioavailable or causing toxicity to biota. The heterogeneity in the spatial distributions of the potential contaminants was also analyzed in order to obtain information important for reservoir management procedures.
Materials and methods

Study area
The Cantareira system is the main source of drinking water for the metropolitan region of São Paulo. It has a flow of 33 m 3 s −1 (Whately and Cunha 2007) , an extent of 48 km, and is composed of five reservoirs, the Paiva Castro, Atibainha, Cachoeira, Jaguari, and Jacareí, connected by artificial underground tunnels, canals, and pumps (Whately and Cunha 2007 Nine sites were used; seven along the main axis of the reservoir and two in a lateral arm, where water was extracted for public water supply (Fig. 1) . The sampling sites were georeferenced with a GPS (Model 72, Garmin). At each site, the depth was first determined, after which an Ambühl and Bührer sampler was deployed (Ambühl and Bührer 1975) . Firstly, in situ measurements were made of the following variables: redox potential (E H ) (Digimed Model DMP-CP1 electrode with Gehaka Model PG1400 base); pH and temperature (T) in the first centimeter of the sediment, and dissolved oxygen (DO) in the top 5 cm below the sediment-water interface (YSI 556 MPS multiparameter probe). The first 3 cm of the sediment was then sampled and stored prior to AVS and SEM analyses (Allen et al. , 1993 . The sampler was deployed a second time and the first 3 cm of the sediment column were removed for grain size and organic matter analyses. The sediments were transferred to sealed plastic bags and stored in thermal bags, until analyzed in the laboratory. SEM/ AVS analysis was carried out within 1 week after sampling, as recommended by Di Toro et al. (1991) . At sampling stations 2, 6, and 9, the water column was analyzed to determine whether it was stratified. The variables used for this purpose were pH, electrical conductivity (EC), T, and DO, measured with a multiparameter probe (YSI 556 MPS).
Laboratory analysis
Sample extraction and measurement of AVS and SEM were performed as described by Allen et al. (1991) . Analytical grade reagents were used (obtained from Merck and Sigma-Aldrich). Samples were stored at 4°C before analysis (using three replicates) of the metals zinc, copper, chromium, nickel, cadmium, lead, and manganese by atomic absorption spectrometry (AAS). Sulfide was determined spectrophotometrically with Hach test kits (sulfide 1, cat. n°1816-32 3; sulfide, cat. n°1817-33). AVS and SEM concentrations were expressed as milligram per kilogram of dry sediment.
Organic matter (OM) was determined by ignition Meguro (2000) . Organic carbon was inferred using the equation OM = %C × 1.7, which assumes that the organic matter contains 58 % carbon Meguro (2000) . Grain size analysis employed the Atterberg system and the beaker method, proposed by Piper (1947) and modified by Meguro (2000) .
Data analysis
Three SQGs were used: (1) the equilibrium partitioning approach (USEPA 2005); (2) the empirical SQG from CCME (1999), ISQG (Interim Sediment Quality Guideline), and PEL (Probable Effect Level); (3) background values established for the upper Tietê basin (Cd) (Nascimento and Mozeto 2008) and for the Paiva Castro reservoir (Cr, Cu, Ni, Pb, Zn, and Mn) Cardoso- .
The data were analyzed using basic descriptive statistics and the PCA (Principal Component Analysis) multivariate statistical technique based on a correlation matrix (Legendre and Legendre 1998) . In the PCA procedure, centroid representation was performed using cluster analysis by the method of complete linkage and Euclidean distance, from the values obtained by the PCA scores 1 and 2. The centroid was calculated as the mean values of the scores of axes 1 and 2 corresponding to each group observed in the cluster analysis. Data analysis was performed using the PAST Hammer et al. (2001) and Statistica 7.0 software packages.
Toxicity tests
Once bioavailability analysis was performed, it was necessary to confirm if toxicity was in fact occurring. In such way, other sample collection was executed in the dry season in May 2011. Toxicity tests were performed using sediment from five locations in the reservoir where water was extracted for public supply, at coordinates: (1) (ABNT 2009; Fonseca 1997 ). In the case of the sediments, measurements were also made of pH (YSI 63/ 100 FT probe) and OM levels Meguro (2000) . The tests included controls, with the same number of replicates as the samples, using the water in which the organisms were cultivated in the laboratory. Statistically significant differences between the sampling stations, in terms of the results of the ecotoxicological tests, were evaluated using TOXSTAT v. 3.4 software. In the chronic sediment toxicity evaluation, the treatments were compared to the control using the χ 2 normality test and ANOVA, or alternatively Dunnett's test or Steel's many-one rank test, with the KruskalWallis test, when normality and homogeneity were not observed. For the acute evaluation using sediment, Fisher's exact test was used. The level of significance adopted was p < 0.05.
Results
The depth along the Paiva Castro reservoir increased from upstream to downstream, as expected, ranging from 1 to 18 m. In the surface water, redox potential values associated with DO (Table 1) indicated the presence of oxidative processes. The highest value for E H was found upstream at Site 1 and the lowest was downstream at Site 7. The lowest DO values were also observed in the downstream region nearer the dam, at Sites 7-9. The pH along the Paiva Castro reservoir mostly ranged between neutral and acidic and was only basic at Site 1. The coefficient of variation (CV) was low for the variables temperature, pH, and DO. In general, CV values below 20 % are considered to reflect little variation or even an absence of variation (Griethuysen et al. 2006 ). The temperature, pH, electrical conductivity, and dissolved oxygen measurements indicated that the water column was not stratified at the three sites evaluated (Fig. 2) .
In the superficial sediment, the organic matter percentage did not exceed 12 % at any of the sites (Table 1) . Higher sand contents were found for Site 1, in the fluvial region, and for Site 6, in the area used for extraction of water for public supply (Table 1 ). In the case of AVS, the value for Site 3 was below the detection limit. The highest concentrations of Cd, Pb, and Mn were found in the upstream area, while the highest concentrations of Ni and Zn were measured in the downstream area, and the highest concentration of Cu was at Site 4 ( Fig. 3 ; Table 1 ). For all the metals analyzed, the CV values were greater than 40 % (Table 1) . Levels of chromium were below the detection limit for all sites. The concentrations of the metals did not exceed ISQG limits and were below background levels.
310 Metals levels were low comparing to the background. In Fig. 3 , sampling stations are arranged according to PCA axis 1, being this way organized in space according to similarity. Cadmium levels were above background in the upstream area (samples from Sites 1-3). However, according to the equilibrium partitioning approach, toxicity was considered unlikely to occur at these sites. For all other sites, the relations based on equilibrium p a r t i t i o n i n g ,
, indicated that toxicity was unlikely to occur ( Table 2) .
The acute and chronic toxicity tests data indicated non-toxicity to Daphnia similis and Ceriodaphnia dubia, respectively (Table 3 ). The pH was higher than pH 6 at all sites (pH 6.4), which was favorable for metal immobilization in the sediment.
Discussion
Toxicity and bioavailability
According to the models and procedures used in this research, the metal concentrations measured along a longitudinal gradient at the Paiva Castro reservoir did not indicate potential toxicity or bioavailability. Data analysis suggested that a number of factors contributed to the immobilization of the metals in the sediments, such as pH and the levels of sulfide and organic matter.
The Paiva Castro sediments presented hydrogen sulfide characteristics, with sulfide concentrations above 34.1 × 10 −3 mg L −1 (Berner 1981 ) for all sampling sites However, despite this potential formation of sulfide, the mean concentration of AVS (15 mg kg −1 ) was low, especially when compared to mean sulfide values found for other reservoirs located in the same watershed, such as the Guarapiranga reservoir, with 145 mg kg −1 (Pompêo et al. 2013) , and the Rio Grande reservoir in the Billings complex of reservoirs, with 422 mg kg −1 (Mariani and Pompêo 2008) , where sulfides play a key role in metal adsorption. The low AVS values for the Paiva Castro reservoir can be explained by two main factors: (1) low organic matter levels, which categorized Paiva Castro sediments as inorganic, and (2) oxygenation of the hypolimnion region due to destratification of the water column, which contributed to the instability of any sulfides formed.
In the case of the first factor, despite high population growth and increased nutrient inputs to this reservoir, the magnitude of the impact has not yet been reflected in high levels of organic matter. Considering the second factor, it is known that the dissolved oxygen in surface waters exerts a major influence on AVS concentrations (Griethuysen et al. 2006) . Exposure of the sediment to Uncertain to occur 130 < × > 3000 1.7 < × > 120
Likely to occur >3000 >120 NT nontoxic, T toxic dissolved oxygen results in oxidation of sulfides and the conversion of metals to forms that are more bioavailable (Simpson et al. 2012; De Jonge et al. 2012b ). This process can be problematic in areas with high metal levels, because it can promote release of the contaminants into the water column. In the present case, however, metal levels were below the ISQG values, so adverse effects on biota were unlikely to occur. Therefore, despite the potential immobilization of metals by sulfide, the presence of oxygen hindered AVS formation, especially at Site 3, favoring the occurrence of other metal binding processes. For example, oxyhydroxides of iron (FeOOH) and manganese (MnOOH) are considered important metal binding phases that can reduce the mobility, bioavailability, and toxicity of metals (Huerta-Diaz et al. 1993; Chapman et al. 1999; De Jonge et al. 2009 ). Oxides of Fe and Mn play a key role in metal adsorption (Fang and Zhang 2005) , especially in aerobic environments where the formation of sulfides is thermodynamically unstable (Simpson et al. 2012) . Although oxyhydroxides and Fe levels were not analyzed in the present study, the present data suggested the importance of Mn as a metal binding phase, because the manganese concentrations had significant correlations with the concentrations of Cd and Pb, as it can be seen in the PCA analysis (Table 4 ; Fig. 4a ).
Fine-grained sediments with particles smaller than 63 μm (silt and clay) play an important role in metal retention, because smaller grains provide a greater area available for metal binding (Förstner and Wittmann 1981; Luoma and Rainbow 2008) . The importance of this component for metal immobilization was observed through the PCA results. Data from PCA shows the correlation between the variables clay and copper, for sampling sites in the dam area (Table 4 , Fig. 4a ).
In addition to iron and manganese oxyhydroxides and fine-grained sediments, organic matter also acts as a metal binding phase. Despite the low values for organic matter identified in this study, there was a correlation between lead and organic matter levels (Table 4 , Fig. 4a) . Similarly, the pH values found here supported the immobilization of the metals in the sediments. Under conditions where the pH is close to neutral, metal partitioning between the sediment particles and the pore water favors binding to the solid phase (Luoma and Rainbow, 2008) . The pH values above pH 6 indicated that the sediment particle surface possessed a residual negative charge, favoring the adsorption of metal ions (Araújo et al. 2006b ). This was corroborated by the positive correlations obtained between pH and the metals Cd, Zn, and Pb (Table 4 , Fig. 4a) .
Through the PCA, it was also possible to have other useful information about the processes governing sediment biogeochemistry in Paiva Castro sediments. The PCA component plots (Fig. 4a) indicated the influence of (axis 1) the variables clay, depth, Mn, E H , Pb, and Cd and (axis 2) the variables AVS, silt, and DO ( Fig. 4a ; Table 4 ).
The variables Pb, Mn, and Cd, positively correlated to axis 1, presented higher levels in the upstream area, closer to Mairiporã city. The Pb could have originated from natural variations because levels were below background. Cardoso-Silva et al. (2016) also did not find signs of contamination for this metal in the present time in the area. However, cadmium concentrations above background were indicative of anthropogenic contamination. Although there are no official records of industrial activities in the catchment area of the Paiva Castro reservoir, the watersheds of the Cantareira system sustain agricultural practices, which could be a source of pollutants. Several studies have reported the contamination of soil and/or sediment due to the use of mineral (Mortvedt 1996; Jacob et al. 2013) , including in Brazil (Bizarro et al. 2008) . Manganese, in a previous study in the area , was also associated with human impacts because the highest levels for this metal were found near the area where effluents from the sewage treatment station of Mairiporã city are released, as in the present study. Manganese is commonly found in municipal wastewater, however, it is normally present at concentrations that do not pose any environmental risks (Vymazal and Svehla 2013) . The variables clay and depth, negatively correlated to axis 1, were found in the deepest reservoir region, in the dam area, with high rates of sedimentation (He et Castro reservoir identified from the PCA results. Compartment I was subdivided in Ia and Ib because although sampling sites 1 and 6 have chemical and physical similarities they are located in different areas in Paiva Castro reservoir 2011) and small particle sizes, which explains the predominance of clay found in this region. Therefore, axis 1 can be associated to anthropogenic impacts (chemical contamination) and to the structural dynamics of reservoirs. Whereas the second axis can be explained especially by AVS levels, positively correlated to axis 2, contrasting with the higher DO levels, negatively correlated to axis 2. As expected, these variables were inversely correlated.
Metals Zn and Pb were also significantly correlated (Table 4 , Fig. 4a) ; this happened because these metals are usually found associated in nature, primarily in the form of lead sulfide (galena) (Allaby 2008) . The observed relationship between metals Ni and Cu with clay in the dam area (Table 4 , Fig. 4a ) can be explained by the fact that Ni and Cu can form colloids and aggregates with clay and organic material (López et al. 2012) .
Application of the empirical SQG models did not reveal any toxicity of the Paiva Castro sediments. The use of SQG models is recommended in areas where metal concentrations are not very high (Chapman et al. 1999; Hübner et al. 2009 ), as in the present case. Moreover, since there have been few studies that have investigated metal concentrations in the Paiva Castro reservoir, the SQG approach is useful as a tool for initial ecological risk assessment.
Metals levels were low comparing to the background. The method by which metals are removed from sediments can influence concentration (Luoma and Rainbow 2008) . Background levels are in general based on total (hydrofluoric acid) and near total (concentrated acid nitric) extractions. These procedures extract more metals than those techniques used to analyze bioavailable metals. This explains why metal levels were low comparing to the regional reference. In some situations, the contamination in an area can be so significant that bioavailable metals quantities are much greater than the background. Pompêo et al. (2013) and Mariani and Pompêo (2008) , for example, using the same technique described in this manuscript, found copper levels a hundredfold above background, in reservoirs sediments. In such way, the data in this research show that the contamination is not as expressive as observed in those other reservoirs.
For Ni, the background value was higher than the ISQG. In such situations, the SQG should be replaced by the background value, unless a more suitable alternative is available (Chapman et al. 1999) . The Ni levels measured here were therefore not indicative of toxic effects to the biota of the Paiva Castro reservoir.
In the case of Cu, despite increases of this contaminant over time , due to the application of copper sulfate as an algicide, the present data did not indicate any bioavailability of the metal. From comparison of the metal levels in the Paiva Castro reservoir with those found for freshwaters ecosystem around the world and other reservoirs in the same hydrographic basin but with different levels of anthropogenic impacts (using the same extraction method), it could be observed that the metal concentrations in the Paiva Castro sediments did not exceed values found for the other systems (Table 5 ). Although there has been an expansion of urbanized areas along the Paiva Castro watershed, the sediments of this reservoir did not show any significant impacts.
Ecotoxicological tests performed in the region confirmed the low levels for metals, because they suggested the absence of toxic effects to biota in the sediments. Silva (2013) recorded acute toxicity in one of five samples collected in the rainy season (January, 2012), in the area where water extraction for public supply occurs. However, this toxicity may not necessarily be associated with metals because the author, using an almost total extraction for metal, did not found levels of metals above the background. This toxic potential found by Silva (2013) could also be caused by the presence of other compounds associated with increased anthropogenic activity in the Paiva Castro watershed. López-Doval et al. (2016) using data from the local environmental agency, CETESB (Companhia de Tecnologia de Saneamento Ambiental-Environmental Sanitation Technology Company), suggests how difficult is to relate the toxicity even when there is extensive survey of water and sediment, as performed by CETESB.
Sediment compartments in the Paiva Castro reservoir
The PCA component plots (Fig. 4a) suggested the existence of four compartments in the Paiva Castro reservoir.
Compartment I (positively correlated to axis 1 and 2) (Fig. 4a, b) was subdivided in Ia and Ib because although sampling sites 1 and 6 have chemical and physical similarities, they are located in different areas in Paiva Castro reservoir. Both areas had predominance of coarse sediments, which is typically deposited in high-energy environments (He et al. 2011 ) and the highest levels of organic matter. These characteristics are typical of lotic areas, which is particularly the case of compartment Ia. In these areas, levels of organic matter presented carbon/nitrogen ratios indicating an allochthonous origin of this material ), likely to have originated from the surrounding vegetation and also associated with effluents from a sewage treatment station located nearby in compartment Ia. Compartment Ib was characterized by a high water flow rate of around 33 m 3 s −1
, resulting from the water supply system which would explain the predominance of coarse sediments in the area.
Compartment II (positively correlated to axis 1 and negatively to axis 2) (Fig. 4a, b) was in a region defined as a transitional zone, according to the classical model of Thorton (1990) . This area was indicated by the E H variable and showed the highest concentrations of Mn and Cd along the reservoir, an area potentially threatened by contamination with Cd. The deepest reservoir region, with the predominance of clay and the highest levels of Cu and Ni, the limnic zone, was categorized as Compartment III (Fig. 4b) and was negatively correlated to axis 1 (Fig. 4a) . Although higher levels of Ni and Cu were found in the limnic area (Fig. 4a) , no potential toxicity was identified. In the compartment where water extraction for public supply occurred, no values above the ISQG were found, and no toxicity was identified in the toxicological tests, indicating that the sediment conditions were suitable for the biota, in terms of the contaminants analyzed.
Conclusions and recommendations
Although previous research has identified high levels of copper in the sediments of the Paiva Castro reservoir, the present data revealed no bioavailability of the contaminants evaluated. This was supported by the toxicity tests, which indicated that the sediments provided suitable conditions for the aquatic organisms evaluated. The analyses also revealed that throughout the reservoir, sulfides were not the main metal binding phase. The sediments had low levels of organic matter, and oxic conditions were identified in at least one location, providing suitable conditions for the action of other complexing phases, such as clays and Mn oxyhydroxides, which were therefore mainly responsible for retention of the metals in the sediments. The compartmentalization of the reservoir sediments, revealed by the use of PCA, indicated that the upstream reservoir area was potentially threatened by 
